The reversible state of proliferative arrest known as "cellular quiescence" plays an important role in tissue homeostasis and stem cell biology. By analyzing the expression of miRNAs and miRNAprocessing factors during quiescence in primary human fibroblasts, we identified a group of miRNAs that are induced during quiescence despite markedly reduced expression of Exportin-5, a protein required for canonical miRNA biogenesis. The biogenesis of these quiescence-induced miRNAs is independent of Exportin-5 and depends instead on Exportin-1. Moreover, these quiescence-induced primary miRNAs (pri-miRNAs) are modified with a 2,2,7-trimethylguanosine (TMG)-cap, which is known to bind Exportin-1, and knockdown of Exportin-1 or trimethylguanosine synthase 1, responsible for (TMG)-capping, inhibits their biogenesis. Surprisingly, in quiescent cells Exportin-1-dependent pri-miR-34a is present in the cytoplasm together with a small isoform of Drosha, implying the existence of a different miRNA processing pathway in these cells. Our findings suggest that during quiescence the canonical miRNA biogenesis pathway is down-regulated and specific miRNAs are generated by an alternative pathway to regulate genes involved in cellular growth arrest.
them from the nucleus to the cytoplasm (28) . For example, precursors of snRNAs involved in mRNA processing such as U1, U2, U4, and U5 have a (m 7 G)-cap, which is recognized by cap-binding complex and the phosphorylated adaptor for RNA export (PHAX) in the nucleus to enable their export to the cytoplasm (29) by Exportin-1. These snRNAs then are recognized by Sm proteins in the cytoplasm, and trimethylguanosine synthase 1 (TGS1) is recruited to hypermethylate the (m 7 G)-cap into an [m 2, 2, 7 G, 2,2,7-trimethylguanosine (TMG)]-cap. This modification is recognized by Snuportin-1 in association with Importin-β and other factors to import the snRNAs back into the nucleus (30, 31) . Interestingly, Exportin-1 also has high affinity for the (TMG)-capped small nucleolar RNA (snoRNA) U3 in the nucleus and transports it from Cajal bodies to the nucleoli (32) . Another study showed that TGS1 enhances Rev-dependent HIV-1 RNA expression by (TMG)-capping viral mRNAs in the nucleus, thereby increasing recognition by Exportin-1 for transport to the cytoplasm (33) .
miRNAs play an important role in regulating cellular quiescence. For example, it has been shown that overexpression of miR-221 and miR-222, which target the 3′ UTRs of p27 and p57 mRNA, respectively, induce S-phase entry in quiescent cells (34) . Another study reported up-regulation of let-7 and miR-125 and down-regulation of the miR-29 family in quiescent fibroblasts (35) . Furthermore, overexpression of miR-29 increased cell-cycle reentry in quiescent cells, whereas overexpression of let-7 and miR-125 delayed cell-cycle reentry (35) . Modulation of miR-29 can also influence senescence, an irreversible growth-arrested state, by affecting B-myb expression (36) . We also showed that during quiescence some miRNAs up-regulate the translation of their target mRNAs (37) . Finally, Exportin-5 protein expression is reduced during quiescence and is induced promptly during cell-cycle entry, causing a global increase in miRNA expression (38) .
Here, we report the existence of an alternative miRNA biogenesis pathway in primary human foreskin fibroblasts (HFFs) during quiescence. We confirmed that the level of Exportin-5 is substantially reduced during quiescence and that certain miRNAs are induced during quiescence despite this paucity of Exportin-5. We also demonstrate that the biogenesis of pri-miRNAs corresponding to these miRNAs is dependent not on Exportin-5 but rather on Exportin-1. Furthermore, the Exportin-1-dependent pri-miRNAs have a trimethylguanosine (m 2, 2, 7 G, TMG)-cap and are found in the cytoplasm during quiescence, as is a smaller isoform of Drosha. Together, our findings suggest that in quiescent cells an alternative miRNA biogenesis pathway selectively processes and transports a specific set of miRNAs, which could be essential for reversible G 0 arrest.
Results

Differential Expression of Specific pri-miRNAs and their Corresponding
Mature miRNAs During Quiescence. To examine global miRNA expression during quiescence, miRNA microarrays that interrogated 1,105 mature human miRNAs were used to compare proliferating HFFs and quiescent HFFs after 12, 48, and 72 h of serum starvation. We identified 88 up-regulated and 94 down-regulated miRNAs that changed 1.5-fold or more for at least two time points of serum starvation ( Fig. 1A and SI Appendix, Tables S1 and S2).
As assessed by qRT-PCR, mature miR-26a-2, miR-34a, miR-126, miR-199b, miR-638, miR-1228*, and miR-3188 were induced twoto fourfold by serum starvation, and miR-17, miR-18a, miR-29b, miR-155, and miR-423-3p were repressed two-to threefold, confirming the microarray data (Fig. 1B) . There was a similar pattern of miRNA expression (with the exception of miR-26a-2 and miR-126) when quiescence was induced by confluency (SI Appendix, Fig. S1A ). Northern blot analysis confirmed the induction of representative miRNAs in quiescence induced by serum starvation or confluency (SI Appendix, Fig. S2 ). By using specific primers to amplify the pri-miRNAs of these differentially expressed miRNAs (SI Appendix, Table S3 ), we found that the mature miRNAs induced during quiescence are also induced at the pri-miRNA level ( Fig. 1C and SI Appendix, Fig. S1B ). In contrast, rather than being repressed, the levels of the pri-miRNAs corresponding to the repressed mature miRNAs, miR-17, miR-18a, miR-29b, miR-155, and miR-423-3p were induced during quiescence ( Fig. 1C and SI Appendix, Fig. S1B ), suggesting that repression of these miRNAs is caused by posttranscriptional regulation, presumably during their processing through the miRNA biogenesis pathway.
Exportin-5 Expression Is Down-Regulated by Autophagy and miR-34a
During Quiescence. To explore the mechanism of miRNA synthesis in quiescent cells, the abundance of proteins involved in miRNA biogenesis was examined in quiescent HFFs. Confirming the previous findings of Iwasaki and collaborators (38) , Exportin-5 protein levels were dramatically reduced (∼30-fold) during quiescence induced by serum starvation ( Fig. 2A and SI Appendix, Fig. S3A ) or contact inhibition (SI Appendix, Fig. S3B ), as assessed by immunoblotting and immunofluorescence. Exportin-5 protein also was reduced in serum-starved HeLa (human cervical carcinoma) and C127 (murine mammary tumor) cell lines (SI Appendix, Fig. S3C) . qRT-PCR quantitation of pri-miRNAs corresponding to differentially expressed mature miRNAs (using primers that bind upstream and downstream of the miRNA stem loop). Red bars represent the miRNAs up-regulated during quiescence, and the green bars represent the miRNAs down-regulated during quiescence, as determined by miRNA microarray analysis. Numbers refer to days of serum starvation. Black bars represent miRNAs in proliferating (P) cells. RNU43 and GAPDH mRNA were used to normalize the qRT-PCR analyses, which are shown relative to expression in proliferating cells. Similar results were obtained in three independent experiments. Prolif, proliferating.
The level of Exportin-5 mRNA did not change during quiescence (SI Appendix, Fig. S3 D and E), indicating that Exportin-5 is regulated at the posttranscriptional level. The level of Exportin-1, a protein involved in protein and RNA export (28) , did not change during quiescence ( Fig. 2A and SI Appendix, Fig. S3B ). The quiescence marker p27 was induced, as expected (39) .
To determine the basis for the reduction in Exportin-5 expression during quiescence, we blocked two major pathways of protein degradation, the proteasome and the autophagy pathways. Treatment of quiescent cells with the proteasome inhibitor MG132 did not restore Exportin-5 expression, whereas the protein MDM2, which is known to be degraded by the proteasome, is maintained upon MG132 treatment, as expected ( Fig. 2B and SI Appendix, Fig. S4A ). In fact, the level of Exportin-5 was further reduced in response to MG132 treatment, suggesting that a downregulation pathway is induced by this drug (Fig. 2B) . Treatment with 3-methyladenine (3-MA), an autophagy inhibitor, reduced the level of Exportin-5 in proliferating cells (Fig. 2C) . Strikingly, treatment of quiescent HFFs with 3-MA restored the levels of Exportin-5 and of p62, a protein specifically degraded by autophagy ( Fig. 2C and SI Appendix, Fig. S4B ). These data suggest that the autophagy pathway is responsible for accelerated degradation of Exportin-5 during quiescence.
We also tested whether Exportin-5 levels are modulated by miRNAs. The 3′ UTR of the Exportin-5 mRNA contains a conserved predicted binding site for miR-34a ( Fig. 2D and SI Appendix, Fig. S5) , which, as shown above, is induced during quiescence ( Fig. 1B and SI Appendix, Fig. S1A ). To determine if miR-34a affects the expression of Exportin-5, we transfected synthetic miR-34a into proliferating HFFs and examined the expression of Exportin-5 after 48 h. As shown in Fig. 2E , transfected miR-34a reduced the amount of endogenous Exportin-5 protein but not Exportin-5 mRNA, suggesting translational repression of Exportin-5 by miR-34a. In contrast, there was no change in the expression of Exportin-1, which does not contain a miR-34a-binding site in its 3′ UTR. To determine if there is a direct functional interaction between miR-34a and Exportin-5 mRNA, we cloned the complete 3′ UTR of the Exportin-5 gene (1,537 nt) into a luciferase reporter vector and transfected quiescent HFFs with the empty reporter vector, the reporter vector containing the Exportin-5 3′ UTR, or a reporter vector containing the Exportin-5 3′ UTR with three point mutations in the miR-34a seed sequence binding site (Fig. 2D ). As shown in Fig. 2F , luciferase activity from the vector containing the wild-type Exportin-5 3′ UTR was reduced about twofold during quiescence compared with the vector lacking the 3′ UTR, and there was partial recovery of luciferase activity in response to the mutant 3′ UTR. These results suggest that regulation of Exportin-5 expression in quiescent cells is mediated in part by miR-34a. We also cotransfected proliferating HFFs with the Exportin-5 3′ UTR luciferase reporter vectors and synthetic miR-34a or scrambled control miRNA. miR-34a, but not the control miRNA, caused a reduction in luciferase activity from the wild-type Exportin-5 3′ UTR reporter but not from the miR-34a-binding site mutant or empty vector (Fig. 2G) . Together these UTR is regulated by the cell growth state. Luciferase activity from the empty reporter vector (Control), the vector containing the wild-type Exportin-5 3′ UTR (WT), or the Exportin-5 3′ UTR containing a mutant miR-34a binding site (mt) is shown. Assays were conducted in proliferating (P) or quiescent (Q) HFFs as described in SI Appendix, Materials and Methods. (G) miR-34a regulates the Exportin-5 3′ UTR. Luciferase activity from the reporter vectors described in F was measured in proliferating HFFs transfected with a scrambled miRNA control (miR-CTRL) or miR-34a. In F and G firefly luciferase activity was measured and normalized to Renilla luciferase activity expressed from the same plasmid (relative luciferase units, RLUs). Data were obtained in triplicate, and the graph shows the average of two individual experiments. Two-tailed t test results are indicated as *P < 0.05 and **P < 0.01 in F and G. CTRL, control; Prolif, proliferating.
results demonstrate a functional interaction between the Exportin-5 3′ UTR and miR-34a. We conclude that Exportin-5 expression is regulated at two different levels during quiescence, at the protein level by autophagy and at the mRNA level by miR-34a.
Expression of Quiescence-Induced miRNAs Is Not Dependent on
Exportin-5. The increase in the levels of specific mature miRNAs in quiescent cells expressing little Exportin-5 raised the possibility that these quiescence-induced miRNAs are generated by an Exportin-5-independent pathway. To investigate this possibility, we transiently transfected proliferating HFFs with a siRNA against Exportin-5 and 48 h later measured miRNA levels. Exportin-5 knockdown was confirmed by Western blot (Fig. 3A) . As expected, Exportin-5 knockdown in proliferating cells lowered levels of mature miR-17, miR-18a, miR-29b, miR-155, and miR-423-3p, which are repressed during quiescence ( Fig. 3A , dark gray bars). In contrast, levels of their corresponding primary miRNAs did not decline (Fig. 3A , light gray bars), as is consistent with Exportin-5 being required for maturation of these miRNAs, as it is for all canonically processed miRNAs. Strikingly, however, Exportin-5 knockdown did not repress the levels of several mature miRNAs and pri-miRNAs that are induced during quiescence, including miR-26a, miR34a, miR-126, miR-199b, miR-638, and miR-3188 (Fig. 3A) . Similar results were obtained with a second Exportin-5 siRNA in an independent experiment (SI Appendix, S7E ). An exogenous spike of C. elegans RNA was used for qRT-PCR normalization by amplifying Ama-1 mRNA. Similar results were obtained in two independent experiments. In A, B, and D, two-tailed t test results are indicated as *P < 0.05 and **P < 0.01. CTRL, control.
(which can thus tolerate lower Exportin-5 levels) or differences in the stability of the mature miRNA (40), our findings suggest that the biogenesis of these miRNAs can proceed via an Exportin-5-independent mechanism, even in proliferating cells.
Exportin-1 Is Required for Processing of Quiescence-Induced miRNAs.
The results in the preceding section imply that an export factor other than Exportin-5 is required for the synthesis of mature miRNAs during quiescence. Previous studies showed that Exportin-1, an essential transport factor for certain proteins and RNAs, supports pri-miRNA processing in Caenorhabditis elegans and Drosophila, as well as shuttling of mature miRNA from the cytoplasm to the nucleus (28, 41, 42) . Recently, we showed that Exportin-1 is involved in the nuclear export of a group of mammalian (m 7 G)-capped pre-miRNAs in proliferating cells (27) . To test whether Exportin-1 is involved in the biogenesis of the miRNAs induced in quiescent cells, we transiently transfected proliferating HFFs with a siRNA targeting Exportin-1 and confirmed siRNA-mediated reduction of Exportin-1 but not Exportin-5 expression (Fig. 3B) . Strikingly, Exportin-1 knockdown in proliferating cells inhibited the expression of several of the mature miRNAs that are induced during quiescence, namely miR-26a, miR-34a, miR-126, miR-199b, miR-638, miR-1228*, and miR-3188 (Fig. 3B, dark gray bars) . Notably, the levels of the primiRNAs corresponding to these miRNAs did not decline (Fig. 3B , light gray bars); in fact, pri-miR-34a increased five-to ninefold in the absence of Exportin-1. The levels of the Exportin-5-dependent miRNAs miR-17, miR-18a, miR-29b, miR-155, and miR-423-3p were also reduced in proliferating cells by Exportin-1 knockdown (Fig. 3B , dark gray bars), but the corresponding primary miRNAs of these mature miRNAs were decreased also, suggesting a reduction of transcription or changes in pri-miRNA turnover in the absence of Exportin-1. Mature miR-155 and the Simtron miR-1228*, but not their corresponding pri-miRNAs, were reduced by both Exportin-5 and Exportin-1 knockdown (Fig. 3 A and B , dark gray bars), suggesting that both exportins are involved in the biogenesis of these miRNAs. Similar results were obtained with a second Exportin-1 siRNA experiment (SI Appendix, Fig. S6B ).
To test the contribution of Exportin-1 to miRNA levels during quiescence, we knocked down Exportin-1 in serum-starved cells and measured the levels of mature miRNAs. Exportin-1 knockdown in quiescent cells did not affect the level of Exportin-5 or p27 mRNA or other proteins involved in miRNA biogenesis such as DGCR8, Drosha, Exportin-5, Dicer, and AGO2 (SI Appendix, Fig. S7 A-D) . Nevertheless, Exportin-1 knockdown prevented or attenuated the increase of the quiescence-induced miRNAs: miR-34a, miR-638, miR-3188, and miR-1288* (Fig. 3C) . The Exportin-1 dependence of miR-34a expression in quiescent cells was confirmed by Northern blot (Fig. 3C) . Because the expression of the other quiescence-induced miRNAs was difficult to detect by Northern blotting, we focused on miR-34a in subsequent experiments. Interestingly, Exportin-1 knockdown did not change the percentage of HFFs entering quiescence after 24 h of serum starvation but caused a twofold decrease in the percentage of cells in S phase 24 h after the addition of serum, suggesting that Exportin-1-mediated miRNA biogenesis may be required for normal exit from quiescence (SI Appendix, Fig. S7E ).
We used protein-RNA crosslinking followed by Exportin-1 immunoprecipitation to determine if there is a physical interaction between Exportin-1 and pri-miR-34. For this experiment we stably expressed FLAG-tagged Exportin-1 and immunoprecipitated cell extracts with an antibody recognizing the FLAG epitope (SI Appendix, Fig. S7F ). The control snoRNA U3, which is normally transported by Exportin-1 (32), was coimmunoprecipitated, as expected ( Fig. 3D and SI Appendix, Fig. S7G ). Strikingly, the Exportin-1-dependent pri-miR-34a but not the Exportin-5-dependent pri-miR-423-3 was coimmunoprecipitated from quiescent HFFs by anti-Flag-Exportin-1 ( Fig. 3D and SI Appendix, Fig. S7G ). Together, these results suggest that Exportin-1 is required for the export and/or processing of miRNAs induced during quiescence and that this activity involves a physical association between these pri-miRNAs and Exportin-1.
Exportin-1-Dependent pri-miRNAs Have a (TMG)-Cap During Quiescence.
Previous reports showed that Exportin-1 can bind to (TMG)-capped RNAs such as snoRNA U3 and viral Rev-dependent HIV-1 RNAs (32, 33) . Therefore, we investigated whether pri-miRNAs of the Exportin-1-dependent miRNAs contain a (TMG)-cap. We used an antibody against (TMG)-caps [which does not cross-react with the (m 7 G)-cap (43) ] and nonimmune rabbit serum to perform immunoprecipitation from extracts of proliferating or quiescent HFFs. Specific immunoprecipitated pri-miRNAs were detected by RT-PCR amplification followed by gel electrophoresis. As shown in the top panel of Fig. 4A , the control (TMG)-capped U3 snoRNA was amplified following anti-(TMG)-cap pulldown from both proliferating and quiescent HFFs, as expected. Strikingly, pri-miR-34a and pri-miR-3188, two quiescence-induced miRNAs, were also detected in the anti-(TMG)-cap immunoprecipitate from quiescent and, to a lesser extent, from proliferating HFFs. qRT-PCR data from a replicate experiment confirmed that pri-miR-34a and primiR-3188 were immunoprecipitated by the anti-(TMG)-cap antibody during proliferation and quiescence (SI Appendix, Fig. S8 and Table S4 ). In contrast, pri-miR-29b and pri-miR-423, which are repressed during quiescence, were not detectable in the anti-(TMG)-cap pull-downs. These results indicate that some quiescence-induced pri-miRNAs are specifically modified with a (TMG)-cap.
TGS1, the enzyme that catalyzes 5′-cap hypermethylation, has two active isoforms, a short isoform in the nucleus and a fulllength isoform in the cytoplasm (44) . We found that the short form of TGS1 is induced during quiescence, suggesting it may be responsible for cap hypermethylation of Exportin-1-dependent pri-miRNAs (SI Appendix, Fig. S9A) . Indeed, the ability of the anti-(TMG) antibody to immunoprecipitate pri-miR-34a and primiR-3188 (as well as the control U3 RNA) was dramatically diminished by siRNA-mediated knockdown of TGS1 in proliferating and quiescent HFFs [Fig. 4A , compare siRNA CTRL anti-(TMG) immunoprecipitation lanes with siRNA TGS1 anti-(TMG) immunoprecipitation lanes, and SI Appendix, Figs. S8 and S9 B and C], arguing that this enzyme is required for cap hypermethylation of these miRNAs.
To test further the model that (TMG)-capping is required for miRNA biogenesis in quiescent cells, we examined levels of mature miRNAs after knockdown of TGS1 in quiescent HFFs. As shown in Fig. 4B , TGS1 knockdown inhibited the induction of the quiescence-induced miR-34a and miR-3188 but did not affect the abundance of the quiescence-repressed miR-423-3p and miR-29b. The knockdown of TGS1 did not affect the expression of DGCR8, Drosha, or Exportin-5 and actually increased the expression of Dicer and AGO2 (SI Appendix, Fig. S9D ). To investigate whether the (TMG)-cap modification in quiescence-induced pri-miRNAs is important for the interaction with Exportin-1, we used protein-RNA crosslinking followed by immunoprecipitation of FLAGExportin-1 in quiescent HFFs that had been treated with control scrambled siRNA or siRNA against TGS1. snoRNA U3, which contains a (TMG)-cap, showed a reduced level of coimmunoprecipitation from cells treated with siRNA against TGS1, as expected (Fig. 4C) . Notably, Exportin-1-dependent pri-miR-34a was also coimmunoprecipitated to a lesser extent in cells after TGS1 knockdown (Fig. 4C) , whereas the Exportin-5-dependent pri-miR-423 was not coimmunoprecipitated in the presence or absence of TGS-1, reaffirming the hypothesis that this pri-miRNA does not contain a modified cap.
Taken together, these findings indicate that the pri-miRNAs of quiescence-induced miRNAs are modified with a specific hypermethylation in their 5′-cap by TGS1, a modification important for Exportin-1 recognition (32).
Pri-miR-34a Is Present in the Cytoplasm of Quiescent Cells Together with a Small Isoform of Drosha. To examine whether quiescence-induced pri-miRNAs are exported to the cytoplasm as a consequence of (TMG)-capping and interaction with Exportin-1, we prepared nuclear and cytoplasmic RNA from proliferating and quiescent HFFs pretreated with control siRNA or a pool of siRNAs against Drosha to minimize possible rapid processing of these pri-miRNAs (SI Appendix, Fig. S10 ). As expected, Exportin-1-dependent pri-miR-34a
and (Fig. 5A ). These nuclear pri-mRNAs accumulated in response to Drosha knockdown, supporting previous studies that showed their Drosha dependency (45, 46) . Strikingly, we also detected pri-miR34a in the cytoplasmic fraction of proliferating and quiescent HFFs following Drosha knockdown, whereas pri-miR-29b and pri-miR-423 were not detectable in this cellular fraction (Fig. 5 A and B) . These data suggest that pri-miR-34a and possibly other quiescenceinduced pri-miRNAs are transported into the cytoplasm where they are processed by an uncharacterized cytoplasmic form of Drosha. (A) Quiescence-induced pri-miRNAs contain a (TMG)-cap. Extracts were prepared from proliferating or serum-starved quiescent HFFs transfected with control siRNA or with siRNA targeting TGS1 (s41313; Ambion). siRNAs were transfected 24 h before serum starvation. RNA was harvested 48 h after transfection of siRNAs in proliferating HFFs or 72 h after the removal of serum. Extracts then were immunoprecipitated with control antibody or with antibody recognizing the (TMG)-cap, and immunoprecipitated U3 snoRNA and pri-miRNAs were amplified by RT-PCR and visualized after gel electrophoresis. C, control anti-rabbit serum; I, input; IP, immunoprecipitate; S, supernatant; T, anti-TMG antibody. (B) TGS1 knockdown inhibits the expression of quiescence-induced miRNAs. HFFs were transfected with a siRNA scrambled control (black bars) or a siRNA targeting TGS1 (sc-45875; Santa Cruz) (gray bars). Twenty-four hours later, cells were serum starved (SS) for 24 or 72 h or were maintained in serum (P). RNA then was prepared and quantified by qRT-PCR. (C) TGS1 knockdown affects the binding of pri-miR-34a to Exportin-1 in quiescent cells. qRT-PCR was used to detect U3 snoRNA, primiR-34a, or pri-miR-423 in immunoprecipitate samples of control Flag-Vector (Flag) or Flag-Exportin-1 (Flag-XPO1) in quiescent HFFs. Cells were transfected with siRNA control (black bars) or siRNA against TGS1 (gray bars). In B and C, two-tailed t test results are indicated as **P < 0.01. Similar results were obtained in two independent experiments. CTRL, control.
A B C D Fig. 5 . Detection of cytoplasmic pri-miR-34a is dependent on Exportin-1 expression. (A) Detection of pri-miR-34a in the cytoplasmic fraction of Drosha knock-down HFFs. Proliferating (P) and quiescent (Q) HFFs were transfected with control siRNA or siRNA targeting Drosha (sc-44080; Santa Cruz) and after 48 h were subjected to cytoplasmic and nuclear RNA fractionation. RT-PCR was used to detect pri-miR-34a, pri-miR-29b, and pri-miR-423. U6 snRNA is a nuclear control, and mitochondrial (mt) tRNA-val is a cytoplasmic marker. (B) qRT-PCR of cytoplasmic fractions as in A was used to quantify the levels of pri-miR-34a. Two-tailed t test results are indicated as **P < 0.01. (C and D) Exportin-1 knockdown affects the distribution of pri-miR-34a in quiescent HFFs. Cells were transfected with an siRNA scrambled control, an siRNA targeting Drosha (sc-44080; Santa Cruz), or siRNAs targeting Drosha (sc-44080; Santa Cruz) and Exportin-1 (s14937; Ambion) (Drosha/XPO1). Twenty-four hours later, cells were serum starved for 72 h. RNA then was prepared from the cytoplasmic (C) or nuclear (D) fraction for the quantification of pri-miR-34a and pri-miR-423 by qRT-PCR. Normalization was done using C. elegans total RNA as an exogenous spike for the amplification of the worm-specific ama-1 gene. Similar results were obtained in two independent experiments. CTRL, control.
We also observed a reduction of all the pri-miRNAs in the nuclear fraction of the quiescent cells (Fig. 5A and SI Appendix, Fig. S11 ).
To determine if the presence of cytoplasmic pri-miR-34a required Exportin-1, we simultaneously knocked down Exportin-1 and Drosha in quiescent HFFs and determined the level of cytoplasmic pri-miRNAs compared with cells treated with control siRNA or Drosha siRNA alone (SI Appendix, Fig. S12 ). As shown in Fig. 5 C and D, knockdown of Exportin-1 expression in quiescent HFFs greatly attenuated the increased amount of cytoplasmic pri-miR-34a in the Drosha-knockdown cells and caused the accumulation of this pri-miRNA in the nuclear fraction, suggesting that Exportin-1 is involved in the transport of pri-miR34a from the nucleus to the cytoplasm.
To explore the processing of pri-miRNAs in quiescent HFFs further, we analyzed Drosha protein during quiescence. Western blotting showed the presence of full-length Drosha (∼160 kDa) in proliferating and quiescent cells (Fig. 6A) . In addition, quiescent cells displayed induction of a smaller Drosha band (∼130 kDa) (Fig. 6A) . A pool of three siRNAs that target Drosha mRNA in different regions caused a reduction in both bands, suggesting that the smaller band is a distinct splicing isoform or cleavage product of Drosha (SI Appendix, Fig. S13 A and B) . also detected a smaller form of Drosha (∼145 kDa) in HEK-293 cells, which was observed in a different protein complex than full-length Drosha, suggesting that it associates with different binding partners (11) .
To investigate the localization of these two different forms of Drosha, we examined nuclear and cytoplasmic fractions from proliferating and quiescent HFFs. The short form of Drosha was found specifically in the cytoplasmic fraction of quiescent HFFs (Fig. 6B) . In addition, immunofluorescent staining of Drosha in proliferating and quiescent HFFs revealed a cytoplasmic signal during quiescence (Fig. 6 C and D) , which was reduced by siRNA against Drosha (SI Appendix, Fig. S13E ). Because DGCR8 is essential for Drosha activity, we analyzed the cytoplasmic fraction of proliferating and quiescent HFFs for DGCR8. We were unable to detect DGCR8 in the cytoplasmic fractions by direct Western blotting (Fig. 6B) or by blotting after immunoprecipitation (SI Appendix, Fig. S14A ), suggesting that Drosha may interact with a different dsRNA-binding protein in the cytoplasm, as was previously suggested (26) . It is noteworthy that two recent publications demonstrated that alternative splicing of Drosha could affect its subcellular localization; these reports are consistent with our finding that a specific Drosha isoform exists in the cytoplasm of quiescent cells (47, 48) . Furthermore, siRNA against DGCR8 in quiescent HFFs did not affect the biogenesis of the quiescenceinduced miR-34a but altered the processing of the quiescencerepressed miR-423-3p (SI Appendix, Fig. S14B ), supporting the existence of functional cytoplasmic Drosha without DGCR8.
To characterize the short form of Drosha in quiescent cells, we amplified the Drosha ORF mRNA by tiling RT-PCR (SI Appendix, Fig. S15 ). Cloning and sequencing identified two exonskipping events in the same transcript, occurring in the 5′ half of the Drosha mRNA, during quiescence. These events disrupt the proline-rich (P-rich) region as well as the nuclear localization signal in the arginine-and serine-rich (RS-rich) portion of Drosha (Fig. 6E) but leave intact the previously described minimal active fragment of the protein (17) . To measure the activity of the short isoform of Drosha indirectly, we measured the levels of pri-miR34a and pri-miR-423 after treating cells with siRNAs against both Drosha isoforms or with an siRNA that specifically targets the exon 6 region that is present only in the full-length Drosha but not in the short isoform (SI Appendix, Fig. S13 C and D) . siRNA against both forms of Drosha caused a marked increase in the level of pri-miR-34a and pri-miR423 in quiescent cells, confirming that Drosha contributes to the processing of these miRNAs (Fig.  6F) . Notably, siRNA specifically targeting full-length Drosha was much less effective in inducing pri-miR-34a or miR-34a in quiescent cells than was siRNA targeting both Drosha isoforms, implying that the short cytoplasmic form of Drosha was competent to process pri-miR-34a to mature miR-34a. In contrast, the short isoform of Drosha does not appear to be involved in processing pri-miR-423, because specific knockdown of the full-length form was sufficient to cause pri-miR-423 accumulation. Similarly, siRNA against full-length Drosha allows partial induction of mature miR-34a but not miR-423 in quiescent cells (Fig. 6G) , supporting the hypothesis that the short isoform of Drosha is able to process pri-miR-34a but not pri-miR-423 during quiescence.
Discussion
When cells reversibly exit the cell cycle and enter quiescence, they remain in a nonproliferative state until they receive appropriate mitogenic signals but must avoid irreversible states such as apoptosis, differentiation, and senescence. Because miRNAs regulate many cellular pathways, changes in miRNA biogenesis likely play an important role in controlling these important cellular processes. This study revealed a number of unique features of miRNA biogenesis in proliferating and quiescent cells.
Exportin-5 Levels Are Regulated During Cellular Quiescence by
Autophagy and miR-34a. We confirmed the findings of Iwasaki and collaborators (38) that the amount of Exportin-5 protein decreases during quiescence ( Fig. 2A and SI Appendix, Fig. S3 ). We showed that at least two posttranscriptional mechanisms contribute to the reduction of Exportin-5 expression during quiescence. Because a specific inhibitor of autophagy prevented the loss of Exportin-5, a major regulator of Exportin-5 levels during quiescence appears to be protein degradation by autophagy. In fact, autophagy is induced during quiescence to protect cells from apoptosis mediated by the proteasome (49), and serum starvation or treatment with an mTOR inhibitor activates autophagy, resulting in the degradation of Dicer and AGO2 (50) . Together with our findings, these results indicate that several proteins involved in miRNA biogenesis are regulated by autophagy during quiescence to avoid the induction of apoptosis. In addition, our studies suggest that miR-34a binds to an evolutionarily conserved binding site in the Exportin-5 mRNA 3′ UTR and represses Exportin-5 expression (Fig. 2 D-G) . miR-34a-mediated repression of Exportin-5 appears to act in conjunction with autophagy-mediated degradation to ensure low levels of Exportin-5 throughout quiescence. Consistent with this idea, miR-34a is induced relatively late after the onset of quiescence, when Exportin-5 levels are already low ( Fig. 2A and SI Appendix, Fig. S3 ). Taken together, our data suggest that Exportin-1 contributes to Exportin-5 down-regulation during quiescence by supporting the synthesis of miR-34a, which binds to Exportin-5 mRNA and reinforces the block of Exportin-5 expression. An interesting topic for future studies will be determining if the regulation of Exportin-5 is related exclusively to the induction of quiescence or instead to the absence of specific growth factors such as IGF1, which have been shown to be important in the regulation of autophagy in HFFs (51).
Exportin-1-Dependent miRNA Biogenesis Occurs During Cellular
Quiescence. Our major finding is the discovery of an alternative miRNA biogenesis pathway involving Exportin-1 (also known as "CRM1") during quiescence. Exportin-1, the major factor responsible for the export of proteins from the nucleus, is also involved in the export of certain RNAs such as ribosomal RNAs, snRNAs, and mRNAs encoding some proteins involved in cell-cycle regulation (28, 52) . Previous studies in C. elegans and Drosophila showed that Exportin-1 is involved in pri-miRNA processing and biogenesis (41) . Our findings demonstrate that Exportin-1 is also involved in the biogenesis of specific miRNAs in proliferating mammalian cells and that this activity is enhanced during quiescence. First, there is no change in Exportin-1 levels during quiescence ( Fig.  2A and SI Appendix, Fig. S3B ). Second, Exportin-1 knockdown reduced the levels of specific quiescence-induced mature miRNAs in proliferating and quiescent HFFs (Fig. 3 B and C) , although the effect was not as dramatic as the reduction of quiescence-repressed miRNAs by Exportin-5 knockdown (Fig. 3A) , Third, the Exportin-1-dependent pri-miR-34a, but not the Exportin-5-dependent primiR-423, is found in a stable complex with Exportin-1 (Fig. 3D) . Our data further demonstrate that some miRNAs, including miR-26a, miR-34a, miR-126, miR-199, miR-638, and miR-3188, can use an Exportin-5-independent biogenesis pathway in proliferating cells. We also identified miRNAs subject to complex regulation during quiescence. For example, siRNA-mediated knockdown of either Exportin-5 or Exportin-1 in proliferating HFFs reduced the expression of mature miR-1228* but did not affect levels of pri-miR-1228 ( Fig. 3 A and B and SI Appendix, Fig.  S6 A and B) . Thus, both Exportin-5 and Exportin-1 are involved in the biogenesis of miR-1228*, which is considered a Simtron, a class of miRNAs that are produced in the absence of splicing and are independent of DGCR8, Dicer, Exportin-5, and Argonaute (23) . Kim and collaborators (47) demonstrated that Exportin-5 knockout in the colorectal cancer cell line HCT116 only modestly affects the processing of several miRNAs, as is consistent with the existence of Exportin-5-independent miRNA maturation in these cells.
Quiescence-Induced pri-miRNAs Contain a (TMG)-Cap and Bind Exportin-1.
We discovered that the pri-miRNAs of Exportin-1-dependent quiescence-induced miRNAs contain a (TMG)-cap, which may be a signal for recognition by Exportin-1, whereas this cap structure is absent from the Exportin-5-dependent pri-miRNAs ( Fig. 4A and SI Appendix, Fig. S8 and Table S4 ). We also found that a short nuclear isoform of TGS1 is up-regulated during quiescence (SI Appendix, Fig. S9A ). Importantly, knocking down the expression of TGS1 in HFFs reduced (TMG)-capping of quiescence-induced pri-miRNAs, diminished induction of the corresponding mature miRNAs during quiescence, and reduced the interaction of primiR-34a with Exportin-1 (Fig. 4) . Because most RNAs need to be exported to the cytoplasm to be modified with a (TMG)-cap, we have not ruled out the possibility that some pri-miRNAs could be exported by Exportin-1 with a (m 7 G)-cap and then undergo cap hypermethylation in the cytoplasm. We recently described microprocessor-independent human and mouse pre-miRNAs that are specifically (m 7 G)-capped and transported by the PHAXExportin-1 pathway and cleaved by Dicer before loading into the RISC complex (27) . The miRNAs described here are processed differently, because TMG caps are added at the pri-miRNA level, indicating that human cells contain at least two alternative Exportin-1-dependent pathways of miRNA biogenesis.
Discovery of pri-miRNAs and a Smaller Drosha Isoform in the Cytoplasm of Quiescent Cells. Another important discovery is finding pri-miR34a in the cytoplasm. We detected cytoplasmic pri-miR-34a in proliferating and quiescent HFFs only after knocking down Drosha, suggesting that this pri-miRNA is processed rapidly once it leaves the nucleus (Fig. 5 A and B) . We were unable to detect other quiescence-induced pri-miRNAs in the cytoplasm consistently, presumably because they are less abundant than pri-miR-34a. Drosha-mediated rapid cleavage of these cytoplasmic (TMG)-capped pri-miRNAs may prevent their recognition by Snuportin-1, which potentially could return the pri-miRNAs to the nucleus (30, 31) . Moreover, we observed a reduction in the amount of primiR-34a in the cytoplasmic fraction of cells knocked down for both Exportin-1 and Drosha (Fig. 5C ). This observation, together with the discovery of an interaction between pri-miR-34a and Exportin-1 (Fig. 3D) , suggests that Exportin-1 plays a role in transporting primiR-34a from the nucleus to the cytoplasm. Further studies are necessary to elucidate the mechanism involved in the transport of quiescence-induced pri-miRNAs to the cytoplasm, their (TMG)-capping, and their cytoplasmic processing.
We also discovered the preferential expression of a smaller, alternatively spliced cytoplasmic isoform of Drosha during quiescence (Fig. 6 A-E) . Recent studies demonstrated the existence of splicing isoforms of Drosha found in the cytoplasm in several cell lines (47, 48) . These Drosha isoforms contain deletions in the nuclear localization (RS-rich) region similar to the small isoform of Drosha found in quiescent HFFs. These data support the hypothesis that splicing of specific genes, such as Drosha, by the spliceosome machinery is important in the regulation of cell-cycle progression (53) . Importantly, our data expand the concept that a specific Drosha isoform can be found in the cytoplasm of normal human cells in a particular stress condition such as serum starvation. Another study showed that certain RNA viruses trigger Exportin-1-dependent translocation of Drosha to the cytoplasm, providing a potential antiviral mechanism that acts by cleaving viral genomic RNA (54) . Consistent with this model, Exportin-1 knockdown reduced the amount of cytoplasmic pri-miR-34a (Fig. 5C) , and a short cytoplasmic isoform of Drosha appeared to be involved in pri-miR-34a processing during quiescence (Fig. 6 F and  G) . Our discovery of pri-miRNAs and a small isoform of Drosha in the cytoplasm suggest the existence of a previously unrecognized miRNA biogenesis pathway during quiescence.
The Contribution of Quiescence-Induced miRNAs to Cellular Growth Arrest. Do the quiescence-induced miRNAs play a role in growth arrest? These miRNAs may be essential for the induction of quiescence, thereby necessitating the use of an alternative miRNA biogenesis pathway when the canonical pathway is repressed. For example, the p53-regulated miR-34a regulates cellular pathways such as cell cycle, differentiation, and apoptosis (55, 56) ; it is a master regulator of tumor suppression in different human cancers and is being evaluated as a miRNA therapeutic (57) . Similarly, miR-638 up-regulation in vascular smooth muscle cells was recently reported to inhibit cell proliferation and migration by targeting the orphan nuclear receptor 1 (NOR1) and consequently affecting the expression of cyclin D1 mRNA (58) . In addition, miR-1228* overexpression suppresses xenograft tumor formation by negatively regulating NF-KB activity (59) . Finally, miR-3188 was found to reduce cell-cycle transition and proliferation in nasopharyngeal carcinoma by targeting mTOR mRNA and regulating the PI3K/ AKT signaling pathway through FOXO1 (60) . In addition, it is possible that impaired processing of specific miRNAs in certain growth conditions may contribute to the embryonic lethality of TGS1-knockout mice (61) .
The results of the cell-cycle analysis in SI Appendix, Fig. S7E show that Exportin-1-regulated miRNAs are not required for entry into quiescence. However, the reduced number of cells in S phase 24 h after serum addition suggests that Exportin-1 is required for proper exit from quiescence. We speculate that the Exportin-1-dependent, quiescence-induced miRNAs are important not to maintain growth arrest but rather to poise cells so that they can reenter the cell cycle efficiently when favorable growth conditions are restored.
Not only do miRNAs affect cell growth; the cell growth state also can affect miRNAs. We reported previously that growth arrest can convert some miRNAs from repressors into activators of translation (37) , and we show here that quiescence inhibits canonical miRNA biogenesis but stimulates an alternative miRNA biogenesis pathway. Thus, the cellular growth state may globally affect miRNA synthesis and function, which in turn may profoundly influence cellular gene expression and phenotype.
In summary, we have shown that a set of miRNAs is processed independently of the canonical miRNA pathway in quiescent cells via (TMG)-cap modification of their pri-miRNA, interaction with Exportin-1, and cytoplasmic processing by a small isoform of Drosha (SI Appendix, Fig. S16 ). This pathway is constitutively active in proliferating cells, but its activity is enhanced during quiescence, presumably to regulate key processes involved in cellular growth arrest. Conversely, in quiescent cells the canonical miRNA pathway is turned off, likely contributing to the quiescent state. Future investigation will be necessary to identify additional components of this miRNA Exportin-1-dependent pathway and its impact on cell physiology.
Materials and Methods
Detailed experimental protocols are described in the SI Appendix. All experiments were performed in compliance with the Institutional Biosafety Committee at West Virginia University, number 15-03-03. Immunoprecipitation of Trimethylated-Capped RNA. HFFs were incubated for 72 h in serum-free DMEM to induce quiescence. RNA was extracted using TRIzol Reagent, and 10 μg of RNA was diluted in NET-2 buffer, precleared and incubated with Protein G Sepharose 4 Fast Flow beads loaded with 15 μL normal rabbit serum or 15 μL rabbit m3G-cap antibody. Beads were rinsed five times with NET-2 buffer and were resuspended in G-50 buffer. RNA was extracted from the beads by phenol-chloroform-isoamyl alcohol extraction. Further details are in the SI Appendix.
